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INTRODUCTION
Dye from textile, printing industries and other commercial activities have been a focus of environmental remediation in the last two decades [1] [2] [3] . Dye-containing waste has been considered as an important source of water pollution because dyes are highly toxic, and coloured water is undesirable. In addition, some synthetic dyes are carcinogenic, and difficult to degrade [2] .
Methylene Blue (MB) and Methyl Orange (MO) are two of the normal and popular dyes which were used in industry. MB belongs to the thiazine class of dyes. It has many uses in a range of different fields and used as a photosensitizer, an antioxidant, an antiseptic, a stain for fixed and living tissues. It is also used as an organic dye to colour cotton, wool, acrylic fibers and silk. However, it can result in permanent burns to the eyes of human and animals, nausea, vomiting, profuse sweating, mental confusion and methemoglobinemia [4] .
MO is a good representative of aromatic azo (-N=N-), dyes, which constitute about half of the total world dye market. Azo dyes are also a major class of synthetic organic compounds released by many industries such as paper, plastic, leather, food, cosmetic and pharmaceutical industries. Among environmental pollutants, azo dyes including MO make up a significant component of organic pollutants in general. Furthermore, such compounds are recognized as potential carcinogens [1, 3, 5] .
Due to these concerns a variety of research has been performed in recent years to degrade MO and MB from waste waters. Some physical methods have been tested without adding any material but using solar irradiation, ultrasonication or generation of radio frequency plasma in water solution [6] . But traditionally, functionalized and nanosized materials such as Na2SO3, MgO, ZnO, copper, silver doped ZnO, ferric tungsten or nanoscale zero-valent iron particles [3, [7] [8] [9] [10] [11] etc. are added for degradation or decolorization of these dyes. The most popular catalyst for MO and MB degradation is TiO2 nanomaterial, which are used solely or with some additives like H2O2, under solar irradiation [1, 2, [12] [13] [14] [15] [16] . But the disadvantage of TiO2 is that that the material is costly and being a large band-gap material, its photosensitivity is limited to the wavelengths below 400 nm, i.e. to the ultraviolet region only, which comprises less than 5% of the overall solar energy spectrum [17] .
Therefore, attention has shifted to find new and cost-effective low-bandgap catalysts which function in the visible-light-driven region, thus expanding the solar photocatalysis into the visible portion of the solar radiation. In this respect, manganese oxide (MnO2) and its composites are considered to be highly promising catalysts for dye degradation, due to their low bandgap (direct bandgap ~2 eV or less [18] ). MnO2 which are well known as a strong adsorbents of metal ions, is naturally found in soils, aquifers and sediment, and therefore cost-effective. In addition, MnO2 can be synthesized using oxidation of Mn(II) in basic solution [19] , oxidation by MnO4
- [20] , O2, K2S2O8, and H2O2 [21] , or reduction of MnO4 -using different routes [22] [23] [24] [25] [26] .
In this study, a composite of amorphous MnO2 and diatomaceous earth, prepared via a simple wet-chemical method, is used to catalytically degrade MB and MO at ambient conditions. Diatomaceous earth (so-called diatomite or bio-silica) is a non-metallic, highly porous, and chemically inert mineral, composed of skeletal remains of single-cell water plants [27] . Due to its microporous structure and chemical properties, diatomite has been widely used as filter [28] , adsorbent [29] [30] [31] , insulating material [32] , energy storage [33] [34] [35] [36] [37] catalyst support and natural insecticide [36, 37] .
Diatomite and diatomite coated MnO2 have been used to remove heavy metal and many coloured dyes from aqueous solution [38] [39] [40] [41] . Methylene blue, reactive black and reactive yellow were removed by physicochemical process -adsorption by diatomite and crystalline MnO2 (birnessite)-coated diatomite [42] [43] [44] . The mechanism for removal was either due to the insertion/intercalation of dye molecules within the inter-layer spacing of super-lattice birnessite or the adsorption at the surface of manganese oxide-coated diatomite via charge transfer process.
However, for environmental applications, the degradation of these toxic compounds into non-toxic products is very important. There are some reports about the degradation of Rhodamine B (RhB) and an azo dye -acid orange (AO7) by using amorphous manganese oxide-coated diatomite [44, 45] . In our previous study, we have presented the degradation of RhB via MnO2-bio-silica nanocomposites [44] . The mechanism for removal is based on the production of hydroxyl radicals by the reduction of Mn(IV) to Mn(II), which can oxidize the organic dyes efficiently. In this work we have tested the ability of MnO2/Diatomite to degrade two different types of dyes: Methylene Blue (MB) -Methyl Orange (MO). A novel mechanism of the degradation kinetics is proposed, which consists of a chemical, physicochemical and physical process. Most importantly, the dye degradation time is found to be comparatively shorter than the previous reports [45] , indicating the high efficiency of the as-synthesized catalysts for organic waste management.
EXPERIMENTS
Synthesis of the Catalyst
The catalyst was synthesized using the following steps. At first, a solution of 0.1 M potassium permanganate (Sigma-Aldrich, 99%), was prepared using distilled water. A separate solution of 6.0 M hydrochloric acid (Sigma-Aldrich) was also prepared. Secondly, 1 g of diatomite (Sigma-Aldrich, used as received), was mixed in 10 mL potassium permanganate solution. Then 2 ml of 6.0 M HCl is added to this mixture drop-wise. After the mixture has been stirred at room temperature for 4 hours, amorphous manganese oxide (MnO2) is formed on the diatomite, which is then separated, washed five times with DI water and then dried at room temperature for 48 hours. The approximate weight ratio of coating material (MnO2) on the surface of diatomite was 1.6. A separate set of process steps were carried out without adding any diatomite. In this case amorphous MnO2 was precipitated from the solution. This is referred to as "control" MnO2, and was used to compare the performance of manganese oxide coated diatomite (MOCD). The detail of the synthesis process is furnished elsewhere [44] .
Characterization
The control MnO2, uncoated-and MnO2-coated diatomite are characterized by x-ray powder diffraction (XRD) using a D8 Advance-Bruker X-ray diffractometer with Cu-K radiation 
Confirmation of Catalytic Activities
The catalytic activity of the as-prepared control MnO2 and MOCD is studied in order to evaluate their effectiveness in degradation of Methylene Blue (MB) and Methyl Orange experiments with uncoated diatomite was not necessary because, it has been shown that bare diatomite did not degrade the color of dyes [44] .
RESULTS
Catalyst Characterization
The SEM images of the uncoated and MOCD prepared by the process mentioned above are shown in Figure 1 . The Figure 1a shows the structure of the uncoated diatomite which is high-porosity skeletal-remain of single-cell water plants. The surface morphology and high porosity of this bio-structure can be used as the template to cover other functional materials for diverse applications. Figure 1b shows the image of diatomite after the immobilization of the amorphous MnO2. The thickness of the coated MnO2 is controlled by changing the weight ratio of the coating material -KMnO4 and the substrate -diatomite. The optimum ratio to get a uniform, smooth, and stable coating layer is found to be 1.6 which was reported previously [44] . MnO6 octahedra to stabilize the structure. These sites are considered to be very reactive and efficient in catalyzing the degradation of color dyes [46] .
Catalyst Performance
The mixing of the MB solution with MOCD at room temperature resulted in a change in colour from blue violet pink colorless, depending on the quantity of catalyst added.
The digital images shown in the upper half of Figure 4 In a similar way, the analysis of the catalytic performances of control MnO2 and MOCD, as a function of different added amounts of catalysts into MO solutions, was performed using equation 1, and the data are furnished in Figure 5 (b), which shows better catalytic performance of MOCD composites over control MnO2, apparently because of the higher reactive surfaces of the porous diatomite matrix, as described for the MB degradation case.
DISCUSSIONS
The catalytic activity of uncoated diatomite is also tested in a similar way, but the previous data revealed that bare diatomite had insignificant efficiency in the degradation of color dyes [44] . This is because, under the operating experimental conditions, the natural pH of the diatomite solution is around 5 (mild acidic) and the surface charge of diatomite is approximately zero, and hence, there is no considerable attraction between the diatomite surface and color dyes [41, 48] . Generally, the ionic dyes are removed via a surface adsorption mechanism, under very high (> 11) or very low (< 3) pH values, through electrostatic interaction between surface charge of the diatomite and ionized dye molecules [41, 48] . Therefore, unless the diatomite solution is extremely acidic or alkaline, the dye removal would be insignificant. That is the reason the diatomite surface is coated with MnO2 nanoparticles to produce strong oxidizing radicals within the dye solution, which chemically degrade the toxic dyes into non-toxic products, whereas, the porous structure of diatomite provides higher active surface area for better surface reactions. Hence, dye removal process via MOCD composite is basically a physicochemical process.
The proposed mechanism for this catalytic process is based on two subsequent processes: (i) the changing in the oxidation state of manganese in aqueous solution and 
(where E O is the standard reduction potential).
(ii) The newly generated hydroxyl radicals then oxidize the toxic organic dye efficiently and produce the non-toxic inorganic products via some intermediates as follows [44] : [7, 15] .
The mechanism of the catalysis of MO using control MnO2 and MOCD is similar to that shown for MB situation (equation 2 and 3) [1, 14] . A closer look into the UV-Vis absorption curves of MO solutions (Figure 5a ) depicts that the main absorption peak of the stock MO dye solution is blue-shifted only slightly (unlike MB degradation case) from 465 nm to 450 nm, whereas the color of the MO dye changes naturally from dark orange to light orange and to almost colorless with the increment of catalyst. Generally, there are at least nine possible types of intermediates formed during the degradation of MO via demethylation, methylation and hydroxylation processes [50, 51] . Each of these intermediates has different effect on the shifting of the absorption peak. Some of these tend to blue-shift the peak, whereas the others tend to red-shift the absorption peak. Therefore, due to these two competing trends, the overall peak-shift becomes very small (or near-insignificant) in the current case.
It is noteworthy that, as compared to the previous reports [11, 15, 50, 51] , the current case reports almost two to four times faster catalytic performance of MOCD for MB and MO degradations. Such a faster catalysis process is not only manifested by the higher active surfaces provided by the porous diatomite matrix, but also affected by some secondary effects, as described below. The HRTEM images of MnO2 (Figure 2c and 2d ) depict the hairy structures, which contain small regions of crystalline domains at the edges of this catalyst.
The analysis of SAED patterns of the hairy structure in the inset of the Figure 2d and crystallographic data indicate that the crystal structure resembles with the birnessite phase of crystalline MnO2. Since the percentage of these crystalline domains is much smaller than the bulk of the amourphous MnO2, the XRD signal only depicts the amorphous nature of the material. Therefore, these layer-structures of the superlattice birnessite MnO2 at the edges of the coating layers manifests the intercalation of dye molecules within the octahedral layers to remove the dye. Thus, there are three simultaneous processes taking place during the dye degradation, such as, (i) conversion of Mn +4 to Mn +2 and the release of hydroxyl radicals to degrade the dye (chemical process), (ii) adsorption of dye within the inter-layer spacings of the small fraction of birnessite MnO2 (physicochemical process) and (iii) higher surface reaction sites due to the porous diatomite matrix (physical process), to provide a rapid degradation/removal of MB and MO from aqueous solution.
It has already been discussed previously that under the applied experimental conditions with natural pH ~ 5, pure diatomite didn't show any adsorption of dye molecules.
Since we have not changed the pH of the solution to extremely high (> 11) or extremely low Table S2 of Supporting Information. Clearly, 0.0125 g of MOCD and MnO2 catalysts (per 10 ml of dye stock solution) showed maximum degradation rates. Apparently, an increase in the degradation rate with the increase in the catalysts amount is due to an increase in the number of active sites on the catalysts available for the reaction, which in turn increases the rate of radical formation [54] . But, with further increase in the catalysts amount, the degradation rate is observed to be decreased (not shown here), which is due to the agglomeration trend of the surplus amount of catalysts that retards the absorption/desorption equilibrium of the dye molecules on the catalysts surface and prevents uniform suspension of the catalysts for efficient catalysis.
To further corroborate the proposed dye removal mechanism in terms of catalytic degradation as primary process, and dye adsorption as the secondary process, the solid samples (MOCD catalysts) were collected after catalytic performance via centrifugation and separation from the dye solution (MB), and then imaged under SEM (as shown in Figure S4 of the Supporting Information). The MnO2 coating is still observed on the surface of the diatomite, indicating good stability of the catalysts. However, compared to the image of the MOCD before dye degradation (Figure 1b) , slight change in the morphology of the MOCD catalyst is observed after dye degradation. The magnified image (Fig. S4b) 2-7), whereas, dye adsorption is only the secondary process.
The stability and the regeneration ability are crucial concerns with regard to the practical application of the catalyst. The SEM micrographs of MOCD catalysts after the catalytic process (Fig. S4) 
CONCLUSIONS
This study has presented the rapid degradation of a thiazine class dye -methylene blue and an azo class dye -methyl orange, under the presence of MnO2-coated Diatomite. The 
